Abstract: Cervical dystonia (CD) is the most common type of focal dystonia, causing abnormal movements of the neck and head. In this study, we used noninvasive imaging to investigate the motor system of patients with CD and uncover the neural correlates of dystonic symptoms. Furthermore, we examined whether a commonly prescribed anticholinergic medication in CD has an effect on the dystonia-related brain abnormalities. Participants included 16 patients with CD and 16 healthy age-matched controls. We collected functional MRI scans during a force task previously shown to extensively engage the motor system, and diffusion and T1-weighted MRI scans from which we calculated free-water and brain tissue densities. The dystonia group was also scanned ca. 2 h after a 2-mg dose of trihexyphenidyl. Severity of dystonia was assessed pre-and post-drug using the Burke-Fahn-Marsden Dystonia Rating Scale. Motor-related activity in CD was altered relative to controls in the primary somatosensory cortex, cerebellum, dorsal premotor and posterior parietal cortices, and occipital cortex. Most importantly, a regression model showed that increased severity of symptoms was associated with decreased functional activity of the somatosensory cortex and increased activity of the cerebellum. Structural imaging measures did not differ between CD and controls. The single dose of trihexyphenidyl altered the fMRI signal in the somatosensory cortex but not in the cerebellum. Symptom severity was not significantly reduced post-treatment. Findings show widespread changes in functional brain activity in CD and most importantly that dystonic symptoms relate to disrupted activity in the somatosensory cortex and cerebellum. Hum Brain Mapp 38:4563-4573, 2017.
INTRODUCTION
Cervical dystonia (CD) is the most common form of focal dystonia with adult onset, in which involuntary cocontractions of the neck muscles produce abnormal postures and movements of the head and neck [Jankovic et al., 1991] . While the exact pathophysiology underlying CD remains unclear, significant advances are being made in understanding the brain changes associated with dystonia using noninvasive imaging methods such as restingstate and task-based functional magnetic resonance imaging (fMRI) [Battistella et al., 2015; Delnooz et al., 2013; Opavsk y et al., 2011 Opavsk y et al., , 2012 de Vries et al., 2008] . For instance, an fMRI study of imagined and executed flexion/ extension movements of the wrists showed several regions of reduced brain activity in CD compared to controls including the premotor and parietal cortices, insula, and putamen [de Vries et al., 2008] . More recently, resting-state fMRI was used to show that both task-specific dystonias (spasmodic dysphonia, writer's cramp) and nontask-specific dystonias (CD, blepharospasm) exhibit significant connectivity changes compared to controls, and these included abnormal expansion or shrinkage of neural communities such as the basal ganglia and cerebellum, loss of a pivotal region of information transfer in the premotor cortex, and connectivity reduction within the sensorimotor and frontoparietal regions [Battistella et al., 2015] . The results of these studies point to altered functional activity across multiple cortical and subcortical brain regions in CD, supporting the hypothesis of dystonia being a circuit, large-scale network disorder [Battistella et al., 2015; Blood, 2013; Prudente et al., 2014; Tang et al., 2007; Teo et al., 2009; Tinazzi et al., 2009] . While functional imaging studies have consistently shown changes in brain activity in CD, structural imaging data tend to provide somewhat inconsistent findings, with some studies reporting increases, decreases, or both in gray and white matter integrity [Ramdhani and Simonyan, 2013] .
Currently, there is an increased need for studies that assess the functional and/or structural correlates of dystonic symptoms and whether any abnormalities can be corrected or improved by current treatment options. The treatment protocol for CD typically includes injecting botulinum toxin into the affected muscles and/or oral medication [Evidente and Pappert, 2014] . One fMRI study of electrical median nerve stimulation has shown that a single session of botulinum toxin affected the initially disrupted somatosensory cortex in patients with CD by increasing its activity [Opavsk y et al., 2012] . By using resting-state fMRI, researchers have identified abnormal functional connectivity within multiple neural networks in CD and showed that some of these networks seem to be partially restored by administration of botulinum toxin [Delnooz et al., 2013] . Among oral treatment options, anticholinergics have been consistently shown to provide a symptomatic effect and are often trialed in clinical practice to treat focal dystonias such as CD, but also generalized dystonias [Balash and Giladi, 2004; Burke et al., 1986; Cloud and Jinnah, 2010; Comella and Thompson, 2006] . Trihexyphenidyl, a muscarinic acetylcholine receptor antagonist, is the most commonly used agent in this drug class and it has been shown to reduce symptoms in both adults and children with dystonia, and is often prescribed in CD [Burke et al., 1986; Fahn, 1983; Jabbari et al., 1989; Pidcock et al., 1999] . The effects on the brain of trihexiphenidyl, a first-line agent for treating CD, are currently unknown. In rodent models of DYT1, an acute injection with trihexyphenidyl reversed motor deficits and restored corticostriatal long-term depression [Dang et al., 2012] . Pinpointing which structures of the brain respond to the acute treatment with this anticholinergic drug would benefit the field by providing more information on the underlying pathophysiology of CD and perhaps new targets to evaluate in studies that aim to reduce dystonic symptoms.
To gain further insight into the functional and structural brain changes that accompany CD, we utilized a pharmacologic multimodal imaging approach. The goals of this study were: (1) to investigate whether dystonic symptoms are related to differences in functional brain activity and brain structure between people with and without CD and (2) to examine whether a single dose of trihexyphenidyl has an effect on the functional and/or structural brain changes in CD. For testing differences in functional brain activity between CD and a control group, we selected a force production task that involves sequences of contraction-relaxation of the hand muscles and would allow us to probe the integrity of the motor-related brain circuit. This fMRI protocol has been consistently shown to extensively engage cortical and subcortical brain regions such as the basal ganglia and cerebellum, which are thought to be involved in dystonia [Burciu et al., 2016a; Neely et al., 2015; Spraker et al., 2010] . The selection of this paradigm was also motivated by the need for a task that would not elicit a behavioral difference between CD and healthy individuals, therefore allowing an objective comparison of brain activity between groups. Structural brain differences between CD and controls were examined using freewater diffusion MRI [Pasternak et al., 2009] , and analyses of brain tissue classes. The study tested the following hypotheses: (1) dystonic symptoms will relate to differences in functional activity between CD and controls; (2) one dose of trihexyphenidyl will alter part of the affected functional network; and (3) one dose of trihexyphenidyl will not affect structural integrity of the brain as assessed with diffusion and structural MRI.
MATERIALS AND METHODS

Participants
Sixteen patients with CD and an equal number of agematched neurologically healthy controls participated in the study (Table I) . Patients were referred from the University of Florida Center for Movement Disorders and Neurorestoration, where they were diagnosed by a movement r Burciu et al. r r 4564 r disorder specialist. All CD patients were receiving botulinum toxin treatment as part of their medical care routine. Four patients were also treated for depression. Typically a peak effect of botulinum toxin treatment occurs within 2-4 weeks following the injection, and on average injections are given every 12-14 weeks [van den Dool et al., 2013] . Here, all tests were performed at the end of botulinum toxin treatment cycle, 3.0 6 0.7 months postinjection, on the day prior to the new injection. This provided a washout period that would minimize any carryover effects of the botox treatment. Control participants were recruited by advertisements from the local communities in North Central Florida. The study was approved by the Institutional Review Board at the University of Florida, and written informed consent to participate in the research study was obtained from all participants.
Experimental Design and Clinical Assessment
Both CD and controls underwent functional and structural MRI, and a series of clinical tests: bimanual coordination task using the Purdue Pegboard Test (PPB) [Desrosiers et al., 1995] , the Montreal Cognitive Assessment (MoCA) [Nasreddine et al., 2005] , and the Beck Depression Inventory (BDI) [Beck et al., 1961] . The CD group only was also administered the Burke-Fahn-Marsden Dystonia Rating Scale (BFMDRS) [Burke et al., 1985] .
Of note, functional and structural MRI was repeated in the CD group, after the administration of a single 2-mg dose of trihexyphenidyl. Given that trihexyphenidyl is known to reach peak plasma concentrations in 2-3 h after oral administration and has a duration of action of 1-12 h [Lang and Lees, 2002] , the second MRI session was scheduled approximately 2 h postdrug intake. Upon completion of the MRI protocol (ca. 3 h postdrug intake), the severity of dystonia was assessed one more time in the onmedication state using the BFMDRS. Patients reported no adverse effect to the 2 mg dose of trihexyphenidyl. The before-and after-drug states are referred throughout the manuscript as CD OFF and CD ON.
Force Data Acquisition
A pinch force task was used to assess motor-related brain activity in CD and controls. While in the MRI scanner, participants produced force against a customdesigned MRI-compatible fiber optic transducer with a resolution of 0.025 N (Neuroimaging Solutions, Gainesville, FL). Force data were sampled at 125 Hz by an SM 130 Fiber Optic Interrogator (Micron Optics, Atlanta, GA), and recorded by a program written in LabVIEW (National Instruments, Austin, TX).
Force Generation Task
Participants were trained on the task outside the MRI scanner to avoid learning effects. At the beginning of the training session, we measured the maximum voluntary contraction (MVC) of the hand that was going to be tested in the scanner using a Jamar hydraulic pinch gauge on three consecutive trials. An average MVC value was used to normalize force data across participants such that during the task, each participant would be required to produce a force level equal to 15% MVC. Hand use was balanced within groups to avoid a potential influence of hand response/dominance on the behavioral and imaging results ( Table I ). The fMRI protocol consisted of a block design that alternated force and rest blocks as follows: 30 s [Burciu et al., 2016a; Neely et al., 2015; Spraker et al., 2010] . This sequence was repeated four times. The scan ended with an additional 30 s rest block placed after the last force block. The total duration of the scan was 7.3 min. During the scan, a target and a force bar were displayed on an LCD monitor. Participants were instructed to produce force when the force bar was green (2 s), and relax when the force bar was red (1 s). Each force block was 10 trials. There were two force conditions. In the feedback condition, the force bar moved in the vertical plane according to the force output while the target bar remained stationary. Importantly, the location of the target bar varied unpredictably from one trial to another, and target amplitudes were selected such that the average amplitude across trials was 15% MVC. In the no-feedback condition, timing of the force contractions was controlled by the same green and red bars. Participants were instructed to vary the force amplitude level for each pulse and not fall into a specific pattern. Of note, no feedback of force output was provided, as the force bar remained stationary.
Force Data Analysis
Consistent with previous work [Burciu et al., 2016a; Spraker et al., 2010] , we filtered force output using a 10 thorder Butterworth filter with a cutoff frequency of 15 Hz, and calculated the following force parameters: mean force, standard deviation of force, mean rate of change during the ramp up to the target (rate up), and mean rate of change during the decrease to baseline (rate down).
MRI Data Acquisition Protocol
MR images were collected using a 3 T scanner equipped with a 32-channel SENSE head coil (Philips Achieva, Best, The Netherlands) and consisted of (a) a T 2 *-weighted, singleshot, echo-planar pulse sequence (TR 5 2500 ms, TE 5 30 ms, flip angle 5 808, FOV 5 240 mm 
Functional MRI Data Analysis
Functional MRI data preprocessing and analysis were performed using Analysis of Functional Neuroimages (AFNI, http://afni.nimh.nih.gov/afni/) except for the normalization of the cerebellum, which was done using SUIT toolbox [Diedrichsen, 2006] (http://www.diedrichsenlab.org/imaging/ suit) running in Statistical Parametric Mapping (SPM8, http://www.fil.ion.ucl.ac.uk/spm/). Consistent with previous research [Burciu et al., 2016b; Neely et al., 2015; Spraker et al., 2010] , the fMRI and T1-weighted scans of participants who performed the task with the left hand were flipped along the midline. Next, the following preprocessing steps were applied: slice timing and head motion correction, normalization of the signal in each voxel at each time point by the mean of its time series, registration of each volume of the functional data to its first volume, co-registration of the functional scan with the structural scan, spatial normalization of the structural scan to the MNI 152 template for the analysis of the cortex and SUIT template for the analysis of the cerebellum, reslicing of the functional scan in MNI space using the normalization parameters from the previous step, smoothing of the functional scan with a Gaussian kernel of 4 mm fullwidth at half-maximum, and regression of the data to a simulated hemodynamic response function for the task sequence using the 3dDeconvolve function in AFNI. On both the normalized cortex and cerebellum, we performed ANOVAs to compare motor-related brain activity between controls and CD OFF. Prior to contrasting functional brain activity between the two groups, we tested for the presence/absence of a group by force condition interaction. If no group by force condition interaction was found, the functional activity was averaged across the two conditions, increasing statistical power. Results were corrected for Type I error using a Monte-Carlo simulation, and considered significant if they met a threshold of P < 0.001 with a minimum cluster size of 189 mm 3 (P < 0.05, corrected using the new ACF approach incorporated in the 3dClustSim function in AFNI). For the regions where brain activity differed significantly between CD OFF and controls, we calculated percent signal change at each TR. Consistent with previous work using the fMRI force production protocol [Burciu et al., 2016a] , we averaged percent signal change across 6TRs toward the end of each block, and across force blocks. This value was used to relate functional brain activity with the severity of dystonic symptoms, and evaluate any effect of anticholinergic medication on the functional activity of the regions related to dystonia.
Diffusion MRI Data Analysis
FMRIB Software Library (FSL, http://www.fmrib.ox.ac. uk/fsl/) and custom UNIX shell scripts were used to preprocess the diffusion MRI data, and a custom code written in MATLAB R2013a (The Mathworks, Natick, MA) was used to further calculate free-water (FW) and free-water corrected FA (FAt) maps Pasternak et al., 2009; Planetta et al., 2015] . Regions of interest (ROIs) were hand-drawn on the b-zero image of each subject in MNI space, and then used to extract values from the normalized FW and FAt maps. Bilateral ROIs were drawn in the following areas (no. of voxels per hemisphere): caudate (n 5 30), putamen (n 5 45), globus pallidus (n 5 42), subthalamic nucleus (n 5 8), anterior substantia nigra (n 5 8), posterior substantia nigra (n 5 8), pedunculopontine nucleus (n 5 8), red nucleus (n 5 8), superior cerebellar peduncle (n 5 8), middle cerebellar peduncle (n 5 18), inferior r Burciu et al. r r 4566 r cerebellar peduncle (n 5 10), cerebellum lobule V (n 5 45), cerebellum lobule VI (n 5 66), cerebellum Crus I (n 5 50), superior cerebellar vermis (n 5 18), inferior cerebellar vermis (n 5 18), dentate nucleus (n 5 20), thalamus (n 5 27), genu of the corpus callosum (n 5 41), and splenium of the corpus callosum (n 5 41) (Fig. 1) . Consistent with previous methodology Planetta et al., 2015] , FW and FAt values were averaged across hemispheres.
Voxel-Based Morphometry Analysis
Data processing was performed using VBM8 toolbox (http://www.neuro.uni-jena.de/vbm/) in SPM8. Briefly, T1-weighted images were bias corrected, tissue classified into gray matter (GM) and white matter (WM) that were normalized to a standard template using DARTEL (MNI for the cerebrum, SUIT for the cerebellum), modulated nonlinearly, smoothed with a Gaussian kernel (8 mm for the cerebrum and 4 mm for the cerebellum), and input in a statistical model that evaluated differences in GM and WM density between controls and CD patients at P < 0.05 (FWE corrected).
Statistical Analysis
Statistical analyses were performed with IBM SPSS Statistics 24 (SPSS Inc., Chicago, Illinois), and the results were corrected for multiple comparisons using the Benjamini-Hochberg false discovery rate (FDR) method at P FDR < 0.05 [Benjamini and Hochberg, 1995] . Between-group differences in gender distribution, handedness, and hand tested (L/R, dominant/nondominant) were examined using Pearson's Chi-square. A MANOVA was used to assess differences between CD patients and healthy controls in age, MVC, MoCA, BDI, and bimanual coordination based on PPB. MANOVAs were also used to evaluate group differences in force parameters, and diffusion outcome measures. To explore the relation between the severity of dystonic symptoms and functional brain activity, we performed a multiple regression analysis using the backward elimination method. The predictors were the percent signal change values corresponding to the brain regions, where functional activity differed between CD OFF and controls, while the dependent variable was the BFMDRS OFF. We also tested whether functional activity in these regions was influenced in any way by nonmotor functions such as cognitive status and depression score. For this, we ran additional multiple regression analyses, using the MoCA/BDI scores. Finally, for the brain regions that were significantly related to dystonic symptoms, we also calculated percent signal change in the ON medication condition, and used a paired-samples t test to examine drug-related differences, by comparing CD OFF and CD ON. Specifically, the paired-samples t test was performed on the 6 TRs toward the end of the force block, after the ramping up and before the ramping down of the BOLD signal, consistent with previous work using a force production fMRI protocol [Burciu et al., 2016a; Spraker et al., 2010] . Table I summarizes the clinical and demographic characteristics of the study cohorts, and between-group statistics. There were no significant differences between CD and Abbreviations: CD = cervical dystonia, CON = controls, L = left, MNI Coord = coordinates in MNI space, OFF = off medication, PMd = dorsal premotor cortex, R = right, S1 = primary somatosensory cortex.
RESULTS
Clinical and Force Data
r Burciu et al. r r 4568 r controls in age, MVC, MoCA, and PPB bimanual coordination score (P FDR > 0.05). Also, the distribution of males/ females, and whether the hand tested was the left/right or dominant/nondominant hand did not differ between the two groups (P FDR > 0.05). CD and controls did however differ on BDI (P 5 0.006) with patients having a higher score on the depression scale than controls. Importantly, because no group by force interaction was found in the fMRI results, force task performance was collapsed across the two feedback conditions. Force parameters (i.e., mean force, SD of force, rate up, and rate down) did not differ between CD and controls and did not change with the administration of trihexyphenidyl to patients (P FDR > 0.05). There was no statistically significant change in the BFMDRS score postdrug compared to before drug (P FDR > 0.05, Table I ).
Functional MRI
Consistent with previous studies [Burciu et al., 2016a; Spraker et al., 2010] , we found no group by performance feedback interaction. Therefore, prior to assessing group differences in motor-related activity we collapsed across the two force conditions. When compared to controls, CD OFF presented a pattern of activation that included reduced functional activity in primary somatosensory cortex (S1) bilaterally, right supramarginal gyrus, and increased functional activity in right dorsal premotor cortex, right lobule VI of the cerebellum, left inferior temporal gyrus, and left middle occipital gyrus (Table II and Fig.  2A ). Functional activity in the following sensorimotor regions predicted symptom severity as assessed by BFMDRS (F 5 13.80, P 5 0.001, R 2 5 0.680) (Fig. 2B ): right S1 (std. beta 5 20.694, t 5 24.318, P FDR 5 0.002), and right lobule VI of the cerebellum (std. beta 5 0.619, t 5 3.853, P FDR 5 0.002). That is, increased symptom severity was related to reduced functional activity in S1 and increased functional activity in lobule VI of the cerebellum. Functional activity in the regions where group differences were found did not relate to MoCA or BDI scores (P FDR > 0.05).
The analysis comparing percent signal change in the two regions related to dystonic symptoms before and after the administration of trihexyphenidyl revealed a significant increase in signal ON medication compared to OFF condition in the right S1 (P FDR 5 0.024), but not in the right lobule VI of the cerebellum (P FDR 5 0.909) (Fig. 3) . 
Structural MRI
DISCUSSION
In this study, a pharmacologic multimodal imaging approach was used to examine motor-related brain activity and brain structure in patients with CD compared to controls, and whether group differences in imaging outcomes relate to dystonic symptoms and respond to acute treatment with a first-line anticholinergic agent. The results show widespread cortical and subcortical alterations in Figure 3 . The two plots show the percent signal change at each TR (averaged across task/rest blocks) in the regions that differed between CD OFF and controls in the voxel-wise analysis, and where functional brain activity related to dystonic symptoms (i.e., right S1 and right lobule VI of the cerebellum) plotted for CD OFF and ON medication. The bracket indicates the time window (6 TRs) used to evaluate the effect of 2 mg of trihexyphenidyl on the functional activity in the dystonia-related brain regions. This interval toward the end of the task was chosen based on previous work using a force production fMRI protocol [Burciu et al., 2016a] . The asterisk indicates a significant drug effect on the functional activity of S1 during the a priori selected 6-TR time window. Abbreviations: CD OFF 5 cervical dystonia off medication; CD ON 5 cervical dystonia on medication; n.s. 5 nonsignificant; s 5 seconds; S1 5 primary somatosensory cortex. [Color figure can be viewed at wileyonlinelibrary.com] r Multimodal Imaging in Cervical Dystonia r r 4569 r brain activity in CD. A key finding was that the level of functional activity in S1 and cerebellum was related to the severity of dystonic symptoms. Furthermore, we showed that the administration of one dose of trihexyphenidyl was associated with changes in the functional activity of S1 but not cerebellum. Finally, we found no structural brain differences between CD and controls, and no effect of acute anticholinergic therapy on these measures.
First, the results of this study show that the execution of a manual force control task was not affected in CD compared to controls. The lack of group differences in behavior is desirable in fMRI studies of force production, as it Data represent mean (6 SD). Abbreviations: CD = cervical dystonia, CON = controls, FAt, = fractional anisotropy corrected for free-water, FDR = False Discovery Rate, GP = globus pallidus, Lob = lobule, PPN = pedunculopontine nucleus, STN = subthalamic nucleus.
has been shown that the degree of muscle activation (force and EMG) influences the fMRI signal in several cortical motor regions [Dai et al., 2001] . Here, we provided an objective way of evaluating brain activity in CD relative to controls without the confound of differences in movement execution, and showed significant abnormalities in the functional activity of S1, anterior cerebellum, dorsal premotor and posterior parietal cortices, and occipital cortex. These results suggest changes across a large network not limited to the somatotopic representation of the affected body part (i.e., neck). Although the direction of functional changes described in the literature (increased vs decreased activity) may be task-/modality-dependent, the findings here support the concept that CD is a disorder affecting large-scale functional brain networks [Battistella et al., 2015; Delnooz et al., 2013; Opavsk y et al., 2011] . Importantly, we showed that the fMRI activity in two brain regions where group differences were found was related to the severity of dystonia as assessed by BFMDRS. Specifically, the increased severity of dystonic symptoms was associated with reduced functional activity in S1 and increased functional activity in the anterior portion of the cerebellum. A recent fMRI study in CD revealed that head rotation in the direction of dystonic head rotation is related to hyperactivity in the anterior cerebellum and that head rotation in the opposite direction is associated with increased activity in the sensorimotor cortex [Prudente et al., 2016] . Together, these findings reinforce the view that both cortical and subcortical sensorimotor abnormalities are likely to contribute to dystonic symptoms in this patient population [Løkkegaard et al., 2016; Prudente et al., 2014] , and both S1 and cerebellum could be targets for intervention in studies looking for ways to reduce symptoms in CD.
Of interest, the BFMDRS score did not significantly change following treatment with trihexyphnidyl. While statistically significant peak effects/clinical benefit was not achieved with the acute administration of trihexyphenidyl, the 2 mg dose appears to have partially modulated the signal in a region of the brain where motor-related fMRI activity differed between CD and controls and was related to symptoms in CD. Statistical tests performed on the percent signal change in S1 and cerebellum indicated an increase in the initially reduced functional activity in S1 following the administration of trihexyphenidyl. There was no change postdrug in the anterior cerebellum, which remained hyperactive. These results complement the existing literature showing that similar to the botulinum toxin treatment [Opavsk y et al., 2012] anticholinergic oral medication may modulate impaired somatosensory activation in CD. The current data suggest that acute anticholinergic treatment in CD acted upon one region within the affected network and raise the provocative question as to whether multiple regions or alternatively the cerebellum must be targeted in order to significantly reduce clinical symptoms in these patients. The lack of a drug effect on the cerebellum and the mild improvement of symptoms suggest that adjustments in the titration and chronic treatment may be required to reach a significant benefit. Peak effect of some medications such as trihexyphenidyl may not be evident until the dose is held constant for 2-4 weeks [Termsarasab et al., 2016] .
Of note, we found no significant differences in structural MRI measures between CD and controls in free-water and free-water corrected FA measures across multiple cortical and subcortical brain regions, or in GM and WM density. These results are not entirely surprising given that structural studies in CD have yielded variable results. Some results show no differences in mean fractional anisotropy or mean diffusivity between craniocervical dystonia and controls [Pinheiro et al., 2015] , or show FA differences between CD and controls in the corpus callosum and putamen [Fabbrini et al., 2008; Ramdhani et al., 2014] . As for structural differences in CD, studies have shown either increased GM density in the globus pallidus, cerebellum, and motor cortex [Draganski et al., 2003 ], or decreased GM density in the putamen, middle frontal gyrus, and visual cortex [Obermann et al., 2007; Ramdhani et al., 2014] . The inconsistency of results in structural imaging studies may be related to differences in cohort characteristics (e.g., age, disease duration, severity of symptoms, lumping together various forms of craniocervical dystonias), differences in data analysis methodology (e.g., whole-brain, small volume correction analyses), and statistical cutoff points used to reject a null hypothesis. Here, the lack of significant diffusion differences using a region of interest approach and macrostructural differences in tissue density using VBM is insufficient to exclude subtle structural changes in this disease. Results draw attention to the growing need for longitudinal assessments and studies in larger groups of patients, which have the potential to answer the question whether CD is a functional circuit disorder with no primary or at least no early major involvement of structural changes. Also, there is an increased need for studies that examine CD patients who have not been treated with botulinum toxin injections. Of note, although CD patients participating in this study were tested ca. 3 months after their last botulinum toxin injection, the potential interference of botox effects on the results cannot be ruled out. The involvement of other brain regions in CD may have been masked by the chronic administration of botox.
In summary, the results of this study demonstrate widespread abnormalities in functional brain activity in CD, and an association between increased severity of dystonic symptoms and reduced functional activity in S1 and increased functional activity in the cerebellum. Along with the results pertaining to the effect of an acute dose of anticholinergic medication on cortical sensorimotor activity but not cerebellar activity, these findings provide new insights into pathophysiology of the disease and may spur the development of new treatment actions in CD by providing targets (e.g., S1 and/or cerebellum) for clinical or drug interventions.
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